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Metabolic pathwaySubstrate competition can be found in many types of biological processes, ranging from gene
expression to signal transduction and metabolic pathways. Although several experimental and in
silico studies have shown the impact of substrate competition on these processes, it is still often
neglected, especially in modelling approaches. Using toy models that exemplify different metabolic
pathway scenarios, we show that substrate competition can inﬂuence the dynamics and the steady
state concentrations of a metabolic pathway. We have additionally derived rate laws for substrate
competition in reversible reactions and summarise existing rate laws for substrate competition in
irreversible reactions.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Substrate competition has been reported to have implications
in different biochemical processes, including degradation of poly-
meric carbohydrates [1], plant secondary metabolism [2], meta-
bolic transport [3–5], signal transduction pathways [6] and gene
regulation [7,8]. All these have in common that different substrates
compete for the active site of the same enzyme. Substrate compe-
tition is also used to describe biochemical mechanisms where two
different enzymes compete for the same substrate. L-Arginine, for
example, is a substrate for both nitric oxide synthase and arginase,
and competition between the enzymes plays a role in asthma
development [9]. This type of competition has also been described
as a possible mechanism behind changes in methylation patterns
in cancer cells [10]. While the reaction rates of the latter type of
competition can be described by standard Michaelis–Menten
kinetics (MMK), descriptions of reaction rates of the ﬁrst type of
substrate competition require some modiﬁcations. Surprisingly,
applicable rate laws describing competition between different sub-
strates for the same enzyme are not available for reversible reac-
tions. Although the rate laws described here can be used forsubstrate competition in different cellular processes, our examples
will focus on metabolic processes.
For irreversible reactions substrate competition is comparable
to enzyme inhibition. The different substrates can be viewed as
inhibitors of each others reactions, and hence, the mechanism of
substrate competition can be described by adapting the kinetic rate
laws from competitive inhibition. The mechanisms of enzyme inhi-
bition have been thoroughly investigated for decades, and the
kinetics are mostly based on the original reaction rate equation
by Henri, Michaelis and Menten [11–13]. In 1977, Chou and Talaly
published a generalised equation for the analysis of multiple inhib-
itors for various mechanisms of irreversible reactions [14]. Further-
more, they provided general rules for the different inhibition
mechanisms that can be applied to various kinetic rate laws. Ding-
erkus et al. [15] used a rate law that is similar to irreversible MMK
with competitive inhibition to describe the competition between
tryptophan and other amino acids to get across the blood–brain
barrier. Although the reverse transport rate might be low under
physiological conditions, the amino acid transporters are indeed
reversible. Thus, to describe the dynamics of these transport pro-
cesses more accurately, reversible rate laws are required. To our
knowledge, explicit kinetic rate laws that describe steady states
of reversible reactions, which include substrate competition, are
not available in the literature. In contrast to irreversible reactions,
the competitive binding of the product must also be considered for
reversible reactions. So far, only kinetic rate laws for the initial
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However, these rate equations are not suitable for steady state cal-
culations. To close this gap we applied the rules provided by Chou
and Talaly [14] to derive rate laws for reversible reactions, based
on the quasi steady state assumption.
To study the impact of substrate competition, we constructed
three toy models that resemble real pathway scenarios. We used
the models to simulate the impact of substrate competition on:
(i) substrate accumulation over time, (ii) steady state concentra-
tions of intermediates for increasing substrate concentrations,
and (iii) the metabolic capacity of the system. Although it may
be valid to neglect competition in some cases, we show that it is
very difﬁcult to safely judge whether this is appropriate in complex
pathways.
2. Methods
Three generalised toy models were made to study the effect of
substrate competition as a result of enzymes catalysing multiple
reactions in (A) different pathways, (B) different branches within
one pathway or (C) multistep reactions (schemes see Figs. 1–3).
Four versions of each model were set up: the ﬁrst two models de-
scribe an irreversible mechanism, of which one includes competi-
tion and the other neglecting it. The other two models contain
reversible reactions, again one containing competition and the
other neglecting it. To ensure that the observed effect was due to
competition alone, we standardised the setup of the models. The
input reactions were modelled using mass action kinetics (Eq.
(1)), whereas transitions between intermediate species and output
reactions were modelled using standard Michaelis–Menten kinet-
ics for irreversible (Eq. (2)) and reversible (Eq. (3)) reactions. The
Michaelis–Menten constant (Km) was arbitrarily set to 0.02 mM
and maximal velocity (V) was set to 1 mM/h, for the respective
parameters in all reactions.
v ¼ k1S ð1Þ
v ¼ VS
Km þ S ð2Þ
v ¼
Vf SKSm
 Vr PKPm
S
KSm
þ P
KPm
þ 1 ð3Þ
The full description of all used models can be found in the Supple-
mentary material.
2.1. Substrate competition
Based on the rules described by Chou and Talaly [14] the rate
law for monomolecular irreversible reactions with any number of
competing substrates can be described as follows:
v1 ¼ VS1
Km1 1þ
Xn
i¼2
Si
Kmi
 !
þ S1
ð4Þ
where S1 competes with n-1 substrates S2, . . .,n for the binding site
of the catalysing enzyme. The variables Kmi describe the Michaelis
constants for the respective substrates Si. An equally simple rela-
tionship could not be found in the literature for reversible reactions.
A general formulation for reversible reactions including competi-
tion between multiple substrates can be deduced by recognising
that not only the substrates but also the products compete for the
binding site of the free enzyme. Thus the Km-values have to be mod-
iﬁed as follows:Km1 ¼ Km1 1þ
Xn
i¼2
Si
KSim
þ Pi
KPim
 ! !
ð5Þ
The resulting kinetic rate law for mono-molecular mechanism then
becomes:
v1 ¼
Vf
S1
K
S1
m
þ Vr P1
K
P1
mXn
i¼1
Si
K
Si
m
þ Pi
K
Pi
m
 
þ 1
ð6Þ
with S1 and P1 competing with n-1 other substrates S2, . . .,n and n-1
other products P2, . . .,n for the binding site of the catalysing enzyme.
Kinetic rate laws for other reaction mechanisms as well as the
derivation for the mono-molecular reaction (Eq. (6)) can be found
in the Supplementary materials.
2.2. Steady state analysis and time course simulations
Steady state analyses are commonly performed to predict spe-
cies concentrations and reaction rates. To see the effect of compe-
tition on predicted species concentrations, we used COPASI [18] to
analyse the inﬂuence of increasing input-species concentrations on
the steady state of the respective toy model. External concentra-
tions were varied from 0.001 to 1 mM with a step size of
0.001 mM. The results for the concentrations at which a steady
state was found were used to calculate the difference between
the corresponding models including or neglecting competition.
The last concentration in the scan that yielded a steady state was
considered to be the metabolic capacity of the model correspond-
ing to the saturating concentration of the system.
Additionally, time course calculations were performed to study
the differences over time. The uptake rate was set to 1 mM/h and
the concentration of the external metabolites Aex and Bex was set
to 0.05 mM.
3. Results
In irreversible reactions substrate competition can be described
by competitive inhibition kinetics by substituting inhibitory
Michaelis–Menten constants KI with the respective Km values of
the competing substrates (see Section 2 for details). This is possible
as reactions with substrate competition and reactions with com-
petitive inhibition both have the same number of competing li-
gands. In reversible reactions, however, both substrates and the
respective products compete for the active binding site of an en-
zyme. The number of compounds that inﬂuence enzyme kinetics
is 2n, which is the sum of n competing substrates and the n com-
peting products. In contrast, an irreversible competitive inhibition
describes n ligands inﬂuencing the kinetics of an enzyme, as it is
accessible to n-1 inhibitors and one substrate. Hence, substrate
competition in reversible reactions cannot be simulated by rate
laws describing competitive inhibition.
Surprisingly, explicit kinetic rate laws for substrate competition
of reversible reactions were not available in the literature. To de-
rive these rate laws we modiﬁed the rule provided for irreversible
competitive inhibition by Chou and Talaly [14]. The modiﬁcation
was based on the consideration that in reversible reactions both
substrate and product compete for the binding to the active site
of the enzyme (details see Section 2). This modiﬁed rule (Eq. (5))
was subsequently applied to derive kinetic rate laws for mono-
and bimolecular reactions of different types (see Eq. (6) and Sup-
plementary material). Our modiﬁed rule was proven to be correct
for a monomolecular reaction, by deriving the kinetic rate law with
an independent method (Supplementary material).
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Fig. 1. Competition between different pathways. (A, B) Schematic diagram of two independent pathways sharing one common enzyme. One reaction in each branch is
catalysed by the same enzyme (highlighted). The y-axis shows the relative difference in metabolic concentrations over time (C and D) or at steady state (E and F) between the
model considering substrate competition and the model neglecting it. We considered two different sets of reactions. In the left panels (A, C, E) all reactions are irreversible. In
the right panels (B, D, F) all reactions except inﬂow and outﬂow reactions (reactions leaving or entering the grey area) are reversible.
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in metabolic networks by mimicking three different types of sub-
strate competition: competition between substrates in different
pathways (Case A), competition between substrates of different
branches within the same pathway (Case B) and multi-step reac-
tions catalysed consecutively by two alternating enzymes (Case
C). For each case we constructed four models: The ﬁrst two resem-
ble an irreversible reaction mechanism, where one includes and
one neglects substrate competition. The next two models describe
a reversible reaction scenario, again one including and oneneglecting substrate competition. The models were used to analyse
the effects of competition in simulations, by observing: (i) changes
over time for all substrates before reaching a steady state, (ii)
changes in the actual steady state concentrations of the substrates,
and (iii) changes in saturation levels for the respective pathways.
3.1. Case A – Competition between different pathways
The ﬁrst scenario comprises two or more independent path-
ways that contain one or more common enzymes or transporters.
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Fig. 2. Competition within a branched pathway. (A, B) Schematic diagram of a branched pathway. One reaction in each branch is catalysed by the same enzyme (highlighted).
The y-axis shows the relative difference in metabolic concentrations over time (C and D) or at steady state (E and F) between the model considering substrate competition and
the model neglecting it. In the left panels (A, C, E) all reactions are irreversible. In the right panels (B, D, F) all reactions except inﬂow and outﬂow reactions (reactions leaving
or entering the grey area) are reversible.
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dent pathways, but depend on common transporters to get across
the cell membrane. Experiments have shown that the competition
between these amino acids for transport across membranes is sig-
niﬁcant [5].
To simulate effects of competition between pathways, we con-
structed two simple linear pathways (see Fig. 1A and B). One reac-
tion in each pathway was set to be catalysed by the same enzyme.
Consequently, its substrates will compete for the active site.
First, we investigated the inﬂuence of competition over time by
analysing the accumulation of intermediate substrates (Fig. 1C and
D). The external substrates Aex and Bex were both set to 0.05 mM,which is above the half saturation points (Km = 0.02 mM) used in
the models. The plots show that neglecting competition led to
underestimation of upstream competing substrate (A1 and B1) con-
centrations and overestimation of ﬁnal product (A2 and B2) concen-
trations at early time points. In the reversible system, upstream
substrate (A and B) concentrations were also underestimated.
Second, we scanned the dependency of the steady state concen-
tration of the intermediates on the availability of external sub-
strates. Because the two pathways are identical, a scan of
external metabolite Aex will provide the symmetric result of scan-
ning Bex. Therefore, we chose to only scan Aex, and used values from
far below (0.001 mM) to far above (1 mM) the Km values
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Fig. 3. Multistep pathway with alternating enzymes. As in the previous ﬁgures, we considered either a pathway with solely irreversible reactions (left panels) or with all
internal reactions being reversible but inﬂow and outﬂow reaction being irreversible (right panels). A and B show the respective reaction schemes. The enzymes catalysing
more than one reaction are highlighted. In C and D the relative differences of the ﬁnal product over time has been calculated. In E and F the differences in steady state
concentration between models that consider substrate competition and models that do not are plotted against the concentration of the external substrate Aex.
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that only the concentration of the upstream competing metabo-
lites (A1 and B1) were affected by substrate competition in the irre-
versible scenario.
In the reversible case, on the other hand, all metabolites up-
stream of the competing reaction (A, B, A1 and B1) showed differ-
ences in concentrations between the model including
competition and the one neglecting it (Fig. 1F). In both the irrevers-
ible and the reversible models, neglecting competition led to a de-
crease in the steady state concentration of A1 (and A in the
reversible case) when the availability of external Aex species in-
creased. Thus, with increasing Aex concentrations, A1 predomi-
nantly occupied enzyme E2, resulting in accumulation of B1 (and
B for the reversible case) upstream of the competing reaction.
Finally, we analysed the effects of competition on the metabolic
capacity of the modelled system. The capacity of the system can be
measured by identifying saturation points, beyond which one ormore intermediates accumulate, and steady state can no longer
be achieved. Simulations showed that the metabolic capacity was
lower for models that considered substrate competition (see
Table 1).
3.2. Case B – Competition in a branched pathway
The second scenario is a linear pathway that branches into two
or more consecutive reactions, which lead to different ﬁnal prod-
ucts (see Fig. 2A and B). The competition between substrates in dif-
ferent branches of a pathway occurs for instance in the tryptophan
pathway. Tryptophan is an essential amino acid in the human diet
and is involved in the synthesis of a variety of important metabo-
lites, such as serotonin or NAD. The enzyme indoleamine-2,3-diox-
ygenase (IDO, EC: 1.13.11.52) catalyses four different reactions in
different branches, and is one of several enzymes that catalyse
multiple reactions in the tryptophan pathway.
Table 1
The values represent the highest external concentration that allow for a steady state.
Case A Case B Case C
irrev. (mM) rev. (mM) irrev. (mM) rev. (mM) irrev. (mM) rev. (mM)
with comp. 0.95 0.95 1 1 0.5 0.13
w/o comp. 1 1 1 1 1 0.95
Abbreviations: with comp., with competition; w/o comp., without competition; irrev., irreversible; rev., reversible.
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we created a toy model where two intermediates in different
branches compete for the enzyme E3 (Fig. 2A and B).
The time-dependent changes of the intermediates of the path-
way are shown in Fig. 2C and D. Investigating the model version
with irreversible reactions, a transient phase needs to be distin-
guished from the state reached asymptotically. In both phases,
neglecting substrate competition has an effect, though in different
directions (see Fig. 2C). In the model with reversible reactions
(Fig. 2D), the production of both A2 and B2 is initially faster in
the model ignoring the substrate competition, since A1, A2 and B2
are connected by reversible reactions and are thus balanced.
By investigating the steady state concentrations, we see that all
metabolites (except A in the irreversible case) are changed when
ignoring substrate competition (Fig. 2E and F), but the effects are
different for irreversible and reversible reactions. Although both
the time dependent behaviour and the steady state concentration
are different between the model considering substrate competition
and model neglecting it, the saturation points for all models are
equal (Table 1).
3.3. Case C – Multistep reactions with alternating enzymes
The last case we studied is a pathway, where multiple consecu-
tive reactions are catalysed by the same enzyme. Prominent exam-
ples can be found in pathways that process polymers, such as
starch and glycogen synthesis and degradation, and fatty acid deg-
radation [19,20,1]. In all these cases, the enzymes accept substrates
of different chain lengths, sometimes with increasing or decreasing
afﬁnities. In the case of fatty acid degradation, several enzymes
process the substrate in an alternating manner. Based on the latter
example, we constructed a toy model with two alternating en-
zymes in a linear pathway (Fig. 3A and B).
In this multistep scenario, the time-dependent simulations
showed that the concentrations of most intermediates was lower
in the models neglecting competition. However, some of them
were transiently higher, including the production of the ﬁnal prod-
uct A5 (Fig. 3C and D). In contrast, the steady state concentration of
A5 was the same for all models, regardless of substrate competition
(Fig. 3E and F). The steady state concentrations of all other inter-
mediates were lower in the models without competition, since
the intermediates did not compete for the catalytic binding sites.
Finally, the saturation points, and thus the metabolic capacity of
the pathway, was much lower in models with substrate competi-
tion (Table 1). Thus, for this pathway, neglecting substrate compe-
tition leads to a large overestimation of metabolic capacity.
4. Discussion
Recent studies show that the contribution of substrate compe-
tition to the dynamics of biomolecular networks can be signiﬁcant
[1,21,6,15,22,20,23]. Although elegant, most of these modelling ap-
proaches are mathematically complex and do not provide general,
readily applicable rate laws for constructing models that consider
substrate competition. We have therefore reviewed and derived
explicit kinetic rate laws for various types of reaction mechanisms.For irreversible systems, standard MMK rate laws can be ex-
tended to include competition between an arbitrary number of
substrates [14]. We have complemented these results by deriving
rate laws for reversible monomolecular reactions, and for multire-
actant reactions, such as ping-pong and bi-bi mechanisms. More-
over, we have provided a description of how to modify other
existing rate laws, based on the modiﬁcation of the rules originally
proposed by Chou and Talaly [14].
To investigate the effect of including substrate competition, we
constructed and investigated three toy models. The results show
that ignoring competition can potentially inﬂuence the time
dependent behaviour of the models, the steady state concentra-
tions of intermediate and ﬁnal products, and the metabolic capac-
ity of a pathway. The degree of inﬂuence depends on the structure
of the pathway(s), the position of enzymes that face competing
substrates within a pathway, and the concentration of the compet-
ing substrates. Substrates with concentrations far below the en-
zyme’s Michaelis–Menten (Km) constant will result in very little
competition, while at substrate concentrations above Km, competi-
tion can be signiﬁcant. In our time dependent simulations, external
metabolite concentrations were set just above the Km value used in
the models. At this level we expected to see moderate effects from
the competition between the two substrates. To assess the effects
of increasing competition on the dynamics of the system, steady
state simulations were performed with external concentrations
ranging from far below to far above the model Km value. The most
pronounced effect was observed in case C, which resembles for
example polymer chain prolongation. Here, simulations that ig-
nored competition underestimated the time needed for substrate
accumulation, the steady state concentrations of most intermedi-
ate substrates, as well as the metabolic capacity of the system. It
has furthermore been noted earlier for a similar case that substrate
competition inﬂuences metabolic control analysis of the system
[24].
The other two cases displayed more moderate, but notable,
changes. In case A, competition between two pathways, time
dependent simulations showed a modest impact from competition,
and a more notable effect on intermediate steady state concentra-
tions. In contrast, the steady state concentrations of the ﬁnal prod-
ucts were unaffected.
In the more complex case B, with competition between two
pathway branches, substrate competition affected both steady
state concentrations and time dependent changes in concentra-
tions of most metabolites. The level of competition was similar
to that observed in case A.
In general these result show that models ignoring substrate
competition will, to a varying degree, give incorrect estimations
of pathway dynamics. In certain scenarios, however, competition
can apparently be safely ignored, such as in the study of steady
state concentrations of ﬁnal product of a pathway, that is structur-
ally similar to case A and C. However, the simple toy models used
here do not encompass the complexity of real biological pathways,
and hence possible effects of substrate competition should be ex-
plored. One example that can illuminate this is the tryptophan
metabolic pathway, which is highly branched. One of the pathway
enzymes, aromatic L-amino acid decarboxylase (DDC, EC 4.1.1.28),
2824 S. Schäuble et al. / FEBS Letters 587 (2013) 2818–2824catalyses reactions both in different branches of the tryptophan
pathway, and in other amino acid pathways (e.g. tyrosine metabo-
lism and histidine metabolism). A model that includes all of the
reactions catalysed by DDC would therefore be described by a com-
bination of cases A and B. The effect of substrate competition on
the behaviour and control of metabolism in this case could be more
difﬁcult to predict without explicitly modelling substrate
competition.
A wide range of pathways, including glycolytic, fatty acid, and
amino acid pathways, incorporate several enzymes that can pro-
cess different substrates from the same or different pathways. In
living cells, particular events of substrate competition may be pre-
vented by compartmentalisation or tissue speciﬁc usage of certain
pathways or branches of a pathway [25]. In such cases one might
argue for ignoring competition in models. However, de-compart-
mentalised models are often assumed, for the sake of simplicity,
or because information about compartmentalisation is not avail-
able. It may thus be difﬁcult to judge whether substrate competi-
tion should be included or not. To help solve this issue, more
experiments characterising metabolite transporters and the com-
partmentalisation of compounds and enzymes are needed. To cap-
ture the true dynamics of pathways where substrate competition is
suspected or has been determined, competition should be explic-
itly modelled. The results presented here, together with the cited
experimental work on substrate competition, strongly suggest that
future modelling efforts should consider substrate competition.
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